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Fig.  1.  Atom  laser  gyro  (ALG).  An  active  atom 
laser  gain  element  (blue)  injects  coherent  de 
Broglie  waves  into  10  cm  x  10  cm 
microfabricated  ring  resonator  (red)  and  a  planar 
substrate  (black).  Atom  detection  (yellow)  is  at 
the  Fleisenberg  limit  using  quantum  state 
manipulation  techniques. 


Statement  of  Problem  Studied 

This  consortium  proposes  a  focused  collaborative 
program  to  advance  matter  wave  sensors.  We  want  to 
combine  atom  interferometry  with  atom  lasers  and  atom 
waveguides  with  the  prospect  of  improving  the  sensitivity  of 
such  sensors  by  orders  of  magnitude  as  compared  with 
existing  state-of-the-art  sensors.  We  will  identify,  explore 
and  exploit  fundamental  scientific  possibilities  surrounding 
the  production,  manipulation  and  detection  of  ultra-cold 
atoms  for  a  variety  of  sensing  applications.  Such  sensors 
include  gravimeters,  gravity  gradiometers,  gyroscopes, 
magnetometers  and  frequency  standards  and  have 
applications  in  science  and  technology  and  within  the  DoD. 

Sensitive  and  accurate  inertial  force  sensors  can  be  used 
in  covert/passive  navigation,  precision  guidance, 
underground  structure  detection,  gravitational  mapping,  etc. 
They  are  non-emanating  and  capable  of  operating  in  a 
jammed-GPS  environment. 

The  recent  demonstration  of  atom  lasers  and  the  recent 
progress  in  atom  optics/interferometry  raise  the  tantalizing 
prospect  of  a  new  class  of  ultra-sensitive  sensors  drawing  on  advances  in  both  areas  (Figs.  1  and  2). 
Compact,  field-ready  versions  of  these  sensors  could  be  orders  of  magnitude  more  sensitive  than  current 
state-of-the-art  sensors. 

As  a  concrete  example  of  how  developments  in  the  atom  laser  and  atom  optics/interferometry  fields 
will  impact  sensor  technology,  we  consider  the  impact  of  advances  in  atom  source,  atom  optics  and  atom 
readout  on  precision  rotation  sensing.  Fig.  1  illustrates  our  vision  of  a  prototype  Sagnac  effect  rotation 
sensor,  an  atom-laser  gyroscope.  We  want  to  emphasize  that  all  components  described  below  have  already 
been  demonstrated  or  are  under  development  in  at  least  one  of  the  collaborating  groups.  The  device 
operating  principles  are  as  follows:  Single  mode  atom  waveguides  are  used  to  guide  atoms  in  a  ring 
resonator  configuration  (analogous  to  the  resonator  of  a  ring  laser  gyroscope).  An  active  atom  gain  element 
is  inserted  in  the  ring  to  inject  de  Broglie  waves  into  the  ring.  Atoms  are  outcoupled  at  a  waveguide 
beamsplitter  and  mixed  on  an  atom-heterodyne  detector.  Squeezed  state  detection  techniques  are  used  to 
detect  rotation  shifts  below  the  shot-noise  limit.  Spurious  interferometer  phase  shifts,  due  to  atom-atom 
interactions,  are  suppressed  by  tuning  the  atom-atom  interaction  strength  to  zero  using  Feshbach 
resonances.  Intracavity  loss  from  three-body  collisions  and  output 
coupling  of  atoms  is  compensated  for  by  the  active  gain  element.  To 
estimate  the  possible  performance  of  this  device,  we  assume  that  106 
atoms/sec  can  be  coherently  coupled  into  the  ring  through  the  active 
gain  element  and  then  detected  at  the  Heisenberg-limit,  that  the  ring 
has  an  area  of  100  cm2  (for  a  10  cm  x  10  cm  device),  and  that  an 
atom  transits  the  loop  an  average  of  10  times  before  being 
outcoupled.  In  this  case,  the  device  can  resolve  rotations  of  2x1  O'1-’’ 
rad/sec  after  1  second.  This  is  a  factor  of  106  improvement  over  the 
current  state-of-the-art. 

Minor  modifications  in  the  waveguide  topologies  allow  for  the 
realization  of  compact  acceleration  sensors  such  as  gravimeters  and 
gravity  gradiometers,  with  similar  gains  in  sensitivity  expected. 

Assumptions  similar  to  those  of  the  previous  paragraph  lead  to 


estimated  accelerometer  sensitivities  of  10  g  in  1  second  and 
sensitivities  to  gravity  gradients  of  10'3  E  (1  E  =  10"9  sec"2)  after  1 
second. 


Fig  2.  Interference  fringes  of  two 
overlapping  Bose-Einstein 

condensates.  A  major  goal  of  the 
consortium  is  to  develop  this  first 
demonstration  into  high-precision 
matter-wave  sensors.  This  will  be 
done  by  combining  state-of-the  art 
atom  interferometry,  BEC  atom 
sources  and  atom  wave  guides. 
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Summary  of  most  important  results 

Major  program  accomplishments  are  summarized  below. 

EEC  Interferometery  (Prichard/Ketterle;  MIT): 

Atom  interferometry  with  Bose-Einstein  condensates  in  a  double-well  potential 

The  applicability,  accuracy,  and  sensitivity  of  atom  interferometers  may  be  improved  by  exploiting  the 
laser-like  coherence  properties  of  gaseous  Bose-Einstein  condensates  in  combination  with  the  fine 
manipulation  capabilities  of  atomic  microtraps  and  waveguides.  Current  proposals  for  microtrap  and 
waveguide  interferometers  utilize  double-well  potentials  for  beam  splitters  and  recombiners.  To  implement 
a  prototype  of  such  schemes,  we  created  a  trapped-atom  interferometer  using  gaseous  Bose-Einstein 
condensates  coherently  split  by  deforming  an  optical  single-well  potential  into  a  double-well  potential  [1]. 

Sodium  condensates  were  split  by  deforming  an  initially  single-well  potential  into  two  wells  separated 
by  13  pm.  To  avoid  deleterious  mean  field  effects  common  to  traditional  in-trap  recombination  schemes, 
the  relative  phase  between  the  two  condensates  was  determined  from  the  spatial  phase  of  the  matter  wave 
interference  pattern  formed  upon  releasing  the  atoms  from  the  separated  potential  wells.  The  coherence 
time  of  the  separated  condensates  was  measured  to  be  5  ms,  and  was  set  by  technical  limitations  of  our 
current  setup.  The  large  separation  between  the  split  potential  wells  allowed  the  phase  of  each  condensate 
to  evolve  independently  and  either  condensate  to  be  addressed  individually. 
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Matter  wave  interference,  (a)  Absorption  image  of  condensates  released  from  the  optical  double-well  potential  and 
allowed  to  expand  for  30  ms.  The  field  of  view  is  600  pm  x  350  pm.  (b)  Radial  density  profiles  were  obtained  by 
integrating  the  absorption  signal  between  the  dashed  lines,  and  typical  interference  patterns  had  >  60%  contrast.  The 
spatial  phase  of  the  matter  wave  interference  pattern  was  extracted  from  the  fit  shown. 


Cooling  of  Bose-Einstein  condensates  below  500  Picokelvin 

The  lowest  temperatures  for  trapped  atoms  are  usually  achieved  in  low-density  samples.  At  high 
densities,  interaction  effects  adversely  affect  the  cooling  process  and  the  temperature  diagnostics.  We  have 
achieved  a  new  record-low  temperature  of  less  than  500  picokelvin  in  a  very  weak  trap  using  a  combination 
of  gravitational  and  magnetic  forces  [2].  The  partially  condensed  atomic  vapors  were  adiabatically 
decompressed  by  weakening  the  gravito-magnetic  trap  to  a  mean  frequency  of  1  Hertz,  then  evaporatively 
reduced  in  size  to  2500  atoms.  This  lowered  the  peak  condensate  density  to  5  x  1010  atoms  per  cubic 
centimeter  and  cooled  the  entire  cloud  in  all  three  dimensions  to  a  kinetic  temperature  of  450  ±  80 
picokelvin. 

These  samples  are  characterized  by  a  thermal  velocity  of  1  mm/s,  a  speed  of  sound  of  100  pm/s,  and  a 
healing  length  limited  by  the  20  pm  harmonic  oscillator  length  of  the  trapping  potential.  Low  temperature 
and  low-density  ensembles  are  important  for  spectroscopy,  metrology,  and  atom  optics.  In  addition,  they 
are  predicted  to  experience  quantum  reflection  from  material  surfaces. 
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Formation  of  Quantum-Degenerate  Sodium  Molecules 

A  current  frontier  in  the  field  of  ultracold  gases  is  the  study  of  ultracold  molecules.  In  2003,  several 
groups  succeeded  in  converting  ultracold  atoms  into  ultracold  molecules  by  magnetically  tuning  a 
molecular  level  close  to  zero  binding  energy  (Feshbach  resonance).  Atoms  can  then  form  molecules 
without  release  of  heat. 

In  our  experiment,  we  produced  ultracold  sodium  molecules  from  an  atomic  Bose-Einstein  condensate 
by  ramping  an  applied  magnetic  field  across  a  Feshbach  resonance  [3].  More  than  105  molecules  were 
generated  with  a  conversion  efficiency  of  ~4%.  High  phase-space  density  could  only  be  achieved  by 
rapidly  removing  residual  atoms,  before  atom-molecule  collisions  caused  trap  loss  and  heating.  This  was 
accomplished  by  a  new  technique  for  preparing  pure  molecular  clouds,  where  light  resonant  with  an  atomic 
transition  selectively  “blasted”  unpaired  atoms  from  the  trap.  Time-of-flight  analysis  of  the  pure 
molecular  sample  yielded  an  instantaneous  phase-space  density  greater  than  20. 


Ballistic  expansion  of  a  pure  molecular  sample.  Absorption  images  of  molecular  clouds  (after  reconversion  to  atoms) 
are  shown  for  increasing  expansion  time  after  switching  off  the  optical  trap.  The  small  expansion  velocity  corresponds 
to  a  temperature  of  about  30  nK,  characteristic  of  high  phase-space  density.  The  images  are  taken  along  the  weak  axis 
of  the  trap.  The  field  of  view  of  each  image  is  3.0  mm  x  0.7  mm. 


Distillation  of  Bose-Einstein  condensates  in  a  double-well  potential 

The  characteristic  feature  of  Bose-Einstein  condensation  is  the  accumulation  of  a  macroscopic  number 
of  particles  in  the  lowest  quantum  state.  Condensate  fragmentation,  the  macroscopic  occupation  of  two  or 
more  quantum  states,  is  usually  prevented  by  interactions  [4],  However,  multiple  condensates  may  exist  in 
metastable  situations.  Let's  assume  that  an  equilibrium  condensate  has  formed  in  one  quantum  state,  but 
now  we  modify  the  system  allowing  for  one  even  lower  state.  How  does  the  original  condensate  realize 
that  it  is  in  the  wrong  state  and  eventually  migrate  to  the  true  ground  state  of  the  system?  What  determines 
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the  time  scale  for  this  equilibration  process?  This  is  the  situation,  which  we  have  experimentally  explored 
by  preparing  a  Bose-Einstein  condensate  in  an  optical  dipole  trap  and  distilling  it  into  a  second  empty 
dipole  trap  adjacent  to  the  first  one  [5].  The  distillation  was  driven  by  thermal  atoms  spilling  over  the 
potential  barrier  separating  the  two  wells  and  then  forming  a  new  condensate.  This  process  serves  as  a 
model  system  for  metastability  in  condensates,  provides  a  test  for  quantum  kinetic  theories  of  condensate 
formation,  and  also  represents  a  novel  technique  for  creating  or  replenishing  condensates  in  new  locations. 


a 


b 


c 
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Scheme  for  distillation  of  condensates  in  a  double-well  potential,  (a)  Condensates  are  loaded  into  the  left  well,  (b)  A 
new  ground  state  is  created  by  linearly  ramping  the  trap  depth  of  the  right  well  from  zero  to  the  final  value,  (c)  Atoms 
transfer  into  the  right  well  via  high-energy  thermal  atoms,  and  a  new  condensate  starts  to  form  in  the  right  well,  (d)  The 
whole  system  has  equilibrated. 


Dissociation  and  Decay  of  Ultracold  Sodium  Molecules 

We  have  studied  the  dissociation  and  decay  of  ultracold  molecules.  Sodium  molecules  were  formed  in  a 
highly  excited  vibrational  state  by  recombining  two  ultracold  atoms  [5],  An  external  magnetic  field 
“tuned”  the  molecular  binding  energy  close  to  zero  (Feshbach  resonance)  allowing  resonant  recombination. 

By  ramping  up  the  magnetic  field,  the  molecular  level  was  moved  into  the  continuum,  and  the  molecule 
dissociated.  When  the  magnetic  field  ramp  is  very  slow,  the  molecules  follow  adiabatically  and  end  up  in 
the  lowest  energy  state  of  the  atoms.  The  dissociation  products  will  populate  higher-lying  atomic  states  if 
the  ramp  is  fast  (compared  to  the  strength  of  the  coupling  between  the  molecular  and  atomic  states). 
Therefore,  from  the  observed  dissociation  energies,  the  strength  of  the  atom-molecule  coupling  could  be 
determined. 

The  non-linear  dependence  of  the  dissociation  energy  on  the  ramp  speed  reflects  the  Wigner  threshold 
law  for  the  onset  of  dissociation:  The  dissociation  lifetime  decreases  when  the  molecular  energy  is  higher 
above  threshold.  Furthermore,  inelastic  molecule-molecule  and  molecule-atom  collisions  were 
characterized.  The  rapid  inelastic  decay  imposes  a  severe  limit  to  further  evaporative  cooling. 


Dissociation  energy  of  sodium  molecules  as  a  function  of  magnetic  field  ramp  rate.  The  dashed  line  represents  a 
theoretical  prediction  of  a  linear  relation,  the  solid  line  shows  the  result  of  our  theory  with  no  free  parameters  (using  a 
theoretical  value  for  the  width  AB  of  the  Feshbach  resonance),  and  the  dotted  line  shows  a  curve  with  AB  as  a  fitting 
parameter. 

Quantum  reflection  of  ultraeold  atoms  from  a  solid  surface 

Quantum  reflection  is  a  process  in  which  a  particle  reflects  from  a  potential  without  reaching  a  classical 
turning  point.  Quantum  reflection  requires  low  incident  velocity  or  weak  attraction  to  the  surface, 
conditions  previously  realized  only  using  liquid  helium  surfaces  or  solid  surfaces  at  grazing  incidence  [6]. 
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In  this  work,  we  demonstrated  quantum  reflection  of  ultracold  sodium  atoms  from  a  solid  silicon  surface  at 
normal  incidence  [7]. 

Using  Bose-Einstein  condensates  in  a  weak  gravitomagnetic  trap  to  reduce  the  atomic  motion,  atoms 
were  incident  on  the  surface  at  velocities  as  low  as  1  mm/s,  corresponding  to  collision  energies  of  kBx  1.5 
nanokelvin.  Reflectivities  of  20%  are  in  qualitative  agreement  with  theoretical  predictions.  When  atoms 
were  confined  in  one  dimension  by  a  silicon  surface,  lifetime  measurements  indicate  reflection  probabilities 
in  excess  of  50%.  If  higher  reflectivities  can  be  obtained  with  low-density  of  thinned  surfaces,  new  atom- 
optical  elements  based  on  normal  reflection  will  become  possible. 


Reflection  probability  vs  incident  velocity.  The  solid  curve  is  a  numerical  calculation  for  individual  atoms  incident  on 
a  conducting  surface. 


Dynamical  Instability  of  a  Doubly  Quantized  Vortex  in  a  Bose-Einstein  condensate 

The  study  of  topological  excitations  and  their  stability  is  an  active  frontier  in  the  field  of  quantum 
degenerate  gases.  Most  studies  focused  on  vortices  with  one  quantum  of  circulation.  In  earlier  work,  we 
created  doubly  quantized  vortices  in  a  Bose-Einstein  condensate  [8],  but  due  to  technical  limitation,  could 
not  observe  the  predicted  decay  .  Now  we  have  studied  the  time  evolution  of  a  doubly  quantized  vortex 
state  [9]  and  directly  confirm  its  dynamical  instability  by  observing  that  a  doubly-quantized  vortex  core 
splits  into  two  singly-quantized  vortex  cores  [10].  The  characteristic  time  scale  of  the  splitting  process  was 
determined  as  a  function  of  atom  density  and  was  longer  at  higher  atomic  density.  The  vortices  were 
topologically  imprinted  into  the  condensate  by  reversing  the  magnetic  field  which  created  topological 
phases. 


Decay  of  a  doubly  quantized  vortex.  Axial  absorption  images  of  condensates  after  15  ms  of  ballistic  expansion  with  a 
variable  hold  time  after  imprinting  a  doubly  quantized  vortex.  A  doubly  quantized  vortex  decayed  into  two  singly 
quantized  vortices.  The  field  of  view  in  each  image  is  320  pm  x  320  pm. 


Coherent  Molecular  Optics  using  Sodium  Dimers 

Coherent  molecular  optics  was  performed  using  two-photon  Bragg  scattering.  [11]  Molecules  were 
produced  by  sweeping  an  atomic  Bose-Einstein  condensate  through  a  Feshbach  resonance  [3].  Using 
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optical  standing  waves  of  suitably  chosen  frequencies,  sodium  dimers  were  coherently  manipulated  with 
negligible  heating  or  other  incoherent  processes.  The  spectral  width  of  the  molecular  Bragg  resonance 
which  is  Doppler  sensitive  corresponded  to  an  instantaneous  temperature  of  20  nK,  indicating  that  atomic 
coherence  was  transferred  directly  to  the  molecules.  An  autocorrelating  interference  technique  was  used  to 
observe  the  quadratic  spatial  dependence  of  the  phase  of  an  expanding  molecular  cloud.  Finally,  atoms 
initially  prepared  in  two  momentum  states  were  observed  to  crosspair  with  one  another,  forming  molecules 
in  a  third  momentum  state.  This  process  is  analogous  to  sum-frequency  generation  in  optics. 


a) 


b) 


Sum  frequency  generation  of  atomic  matter  waves,  (a)  Atoms  were  initially  prepared  in  momentum  states  0,  1.  (b)  By 
sweeping  through  the  Feshbach  resonance,  atoms  combine  to  form  molecules  with  momenta  0,  1,  and  2.  Momentum 
state  1  is  the  sum  frequency  of  the  two  atomic  matter  waves.  The  “nonlinear  medium”  is  provided  by  the  atomic 
interactions.  The  time-of-flight  in  each  image  is  17  ms. 


Atomic  Momentum  (pr) 
0  1 


0  1  2 


Molecular  Momentum  (pr) 


Continuous  measurement  of  the  relative  phase  of  two  Bose-Einstein  condensates  using  light 
scattering 

We  have  demonstrated  an  experimental  technique  based  on  stimulated  light  scattering  to  continuously 
sample  the  relative  phase  of  two  spatially  separated  Bose-Einstein  condensates  of  atoms  [Saba,  2005 
#1414].  This  is  the  first  time  that  the  phase  of  a  condensate  could  be  determined  in  a  non-destructive  way. 
The  phase  measurement  process  created  a  relative  phase  between  two  condensates  with  no  initial  phase 
relation,  read  out  the  phase,  and  monitored  the  phase  evolution. 

By  monitoring  the  phase  of  two  condensates  at  two  separated  times,  interferometry  between  two  trapped 
Bose-Einstein  condensates  without  need  for  splitting  or  recombining. 
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Continuous  optical  read-out  of  the  relative  phase  of  two  condensates.  The  traces  show  that  the  intensity  of  the  light 
scattered  from  the  condensates  oscillates  in  time.  Bragg  scattering  starts  at  t  =0  when  the  second  beam  is  turned  on. 
The  relative  depth  of  the  two  wells  was  different  for  the  three  traces,  generating  a  difference  in  the  beat  frequency 
between  the  two  condensates. 
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High-Contrast  Interference  in  a  Thermal  Cloud  of  Atoms 

Currently,  there  is  considerable  interest  in  characterizing  the  coherence  properties  of  non-condensed 
systems  including  ultracold  fermions,  fermion  pairs,  and  ultracold  molecules.  We  have  used  an 
interferometric  autocorrelation  technique,  previously  applied  only  to  condensates  [12]  to  study  the 
coherence  properties  of  an  alkali  gas  at  finite  temperature  [13].  Bragg  diffraction  was  used  to  create  two 
spatially  separated  wave  packets,  which  would  interfere  during  expansion,  analogous  to  a  Young’s  double 
slit  experiment.  Fringe  visibility  greater  than  90%  was  observed  in  a  thermal  cloud.  We  have  shown  that 
interference  is  lost  when  the  separation  between  the  wave  packets  exceeds  the  coherence  length.  However, 
the  coherence  length  grows  during  ballistic  expansion,  and  can  become  arbitrarily  large.  This  can  be 
understood  by  the  conservation  of  local  phase-space  density,  where  the  decrease  in  density  is  accompanied 
by  a  decrease  in  momentum  spread.  When  the  sample  was  filtered  in  momentum  space  using  long, 
velocity-selective  Bragg  pulses,  the  contrast  was  enhanced;  an  effect  the  simple  theory  of  a  non-interacting 
gas  could  not  account  for. 

a)  b) 


I  mm 


Contrast  emerged  as  the  coherence  length  grew  in  ballistic  expansion.  The  initial  cloud  separation  was  2  pm,  and  the 
expansion  times  were  14  ms,  20  ms  and  25  ms,  respectively. 

Sodium  Bose-Einstein  Condensates  in  an  Optical  Lattice 

Optical  lattices  have  become  a  powerful  tool  to  enhance  the  effects  of  interaction  in  ultracold  atomic 
systems  to  create  strong  correlations  and  probe  many-body  physics  beyond  the  mean-field  theory  [14]. 
Simply  through  varying  the  depth  of  the  lattice  potential,  one  changes  the  tunneling  rate  as  well  as  the  on¬ 
site  interaction  energy  by  changing  the  confinement  of  the  atoms.  So  far,  most  optical  lattice  experiments 
have  been  performed  with  relatively  heavy  atomic  species  (e.g.  rubidium  and  potassium)  for  which  the 
recoil  frequencies  are  lower  and  lasers  are  readily  available  to  achieve  trap  depths  of  several  tens  of  recoil 
frequencies  at  a  few  tens  of  milliwatts.  For  23Na,  high  power  single-mode  lasers  are  necessary  for  similar 
experiments.  In  this  work,  we  chose  to  use  a  dye  laser  red-detuned  by  5  nanometers  from  the  D  lines  of 
sodium  (589  nm).  The  spontaneous  scattering  rate  limited  the  time  window  of  the  experiment  to  less  than 
50  ms,  but  was  still  sufficient  to  satisfy  the  adiabaticity  condition  to  explore  the  quantum  phase  transition 
from  a  superfluid  to  a  Mott  insulator  [15].  We  also  observed  strong  atom  losses  at  various  lattice  laser 
detunings,  which  were  interpreted  as  photoassociation  transitions.  The  particular  molecular  states 
responsible  for  these  transitions  were  identified  through  theoretical  calculations  and  previous  experimental 
data. 
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Photoassociation  resonances:  Atom  loss  from  the  optical  lattice  as  a  function  of  the  lattice  laser  detuning.  The  top  row 
of  images  shows  the  remaining  atom  cloud  after  the  lattice  was  turned  off  and  the  cloud  expanded  for  30  ms.  The  lower 
graph  shows  the  remaining  number  of  atoms  for  these  and  additional  frequency  points.  The  zero  of  the  x  axis 
corresponds  to  a  laser  wavelength  ofv594.490  nm. 

Optical  Weak  Link  between  Two  Spatially  Separate  Bose-Einstein  Condensates 

The  concept  of  Josephson  coupling  can  be  extended  to  include  two  spatially  separate  quantum 
systems  by  using  intermediate  coupling  systems.  The  phase  of  the  coupling  may  be  actively 
controlled  by  adjusting  the  coupling  states  of  the  intermediate  systems.  We  have  experimentally 
demonstrate  phase-sensitive  optical  coupling  of  two  spatially  separate  Bose-  Einstein  condensates 
using  Bragg  scattering  [16].  We  have  studied  two  condensates  in  an  optical  double-well  potential, 
irradiated  by  two  pairs  of  Bragg  beams  which  couple  out  beams  of  atoms  propagating  to  the  left  or  the 
right,  respectively,  and  these  unconfmed  propagating  atoms  constitute  the  intermediate  coupling 
system  in  our  scheme.  Depending  on  the  relative  phases  of  the  two  condensates  and  the  coupling 
states,  we  observe  only  one  outcoupled  beam  propagating  to  one  or  the  other  side,  or  two  identical 
beams  propagating  in  opposite  directions  (see  figure).  This  demonstrates  phase  control  of  currents 
and  establishes  a  new  scheme  to  realize  Josephson  effects  with  two  non-overlapping  condensates. 


Symmetric  and  antisymmetric  correlation  between  outcoupled  atom  patterns.  Two  pairs  of  Bragg  beams  outcoupled 
atoms  in  either  +x  or  -x  direction.  Absorption  images  were  taken  after  5  ms  outcoupling  and  2  ms  additional  ballistic 
expansion.  The  left  outcoupled  atom  patterns  were  compared  with  the  corresponding  right  patterns.  Depending  on  the 
frequency  of  the  Bragg  beams,  we  observed  symmetric  correlation  between  the  two  patterns  (top)  or  antisymmetric 
correlations  (bottom).  The  field  of  view  is  0.  9  mm  x  0.6  mm. 
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Interference  of  Bose-Einstein  condensates  split  with  an  atom  chip 

A  major  step  towards  compact  matter  wave  sensors  is  an  atom  interferometer  on  an  atom  chip.  We  have 
used  an  atom  chip  to  split  a  single  Bose-Einstein  condensate  of  sodium  atoms  into  two  spatially  separated 
condensates  [17].  Dynamical  splitting  was  achieved  by  deforming  the  trap  along  the  tightly  confining 
direction  into  a  purely  magnetic  double -well  potential.  We  observed  the  matter  wave  interference  pattern 
formed  upon  releasing  the  condensates  from  the  microtraps.  The  intrinsic  features  of  the  quartic  potential  at 
the  merge  point,  such  as  zero  trap  frequency  and  extremely  high  field-sensitivity,  caused  random  variations 
of  the  relative  phase  between  the  two  split  condensates.  Moreover,  the  perturbation  from  the  abrupt  change 
of  the  trapping  potential  during  the  splitting  was  observed  to  induce  vortices. 


Splitting  of  condensates,  (left)  Condensates  were  initially  loaded  and  prepared  in  the  bottom  well  and  (middle)  split 
into  two  parts  by  increasing  the  external  magnetic  field.  For  clarity,  two  condensates  were  split  by  80  pm.  The  dashed 
line  indicates  the  chip  surface  position,  (right)  Two  condensates  were  released  from  the  magnetic  double-well  potential 
and  the  matter  wave  interference  pattern  of  two  condensates  formed  after  time-of-  flight. 


Guided  atom  inteferometery  (Prentiss,  Harvard) 

Before  this  project,  it  was  not  known  whether  the  magnetic  field  confinement  would  destroy  the 
coherence  making  guided  atom  rotation  sensors  impossible.  We  demonstrated  that  atoms  confined  in 
magnetic  waveguides  can  retain  external  state  coherence  for  times  longer  than  30  ms.  In  collaboration  with 
the  Cornell/ Anderson  group  at  JILA  we  showed  that  a  BEC  in  a  single  waveguide  mode  can  retain  its 
coherence.  In  the  Prentiss  group,  we  demonstrated  that  a  thermal  atom  sample  occupying  thousands  of 
waveguide  modes  can  still  show  a  strong  phase  coherent  interferometric  signal  at  interrogation  times  of  30 
ms.  We  have  also  shown  continuous  loading  rates  into  magnetic  waveguides  that  exceed  108  atoms  per 
second,  with  pulsed  rates  that  are  orders  of  magnitude  higher. 

Waveguide  atom  interferometers  offer  great  potential  for  creating  small,  compact,  robust  rotation  and 
acceleration  sensors  for  guidance  applications.  Right  now,  magnetic  field  guiding  is  the  leading  candidate 
for  realizing  such  guided  interferometers.  The  Harvard  group  has  developed  waveguides  based  on 
ferromagnetic  material,  that  allow  very  tight  confinement  to  be  obtained  far  above  the  physical  surface  of 
the  magnetic  structure,  greatly  reducing  the  heating  of  the  atoms  and  even  destruction  of  the  atom  sample 
that  has  resulted  in  experiments  using  atom  waveguides  based  on  current  flowing  through  microfabricated 
wires.  These  structures  have  been  used  to  produce  atom  clouds  longer  that  2  cm  with  more  than  109  trapped 
atoms. 

Waveguide  BEC  (Chu,  Vuletic;  MIT,  Stanford): 

We  created  quantized  spin  gratings  by  single-photon  detection  and  convert  them  on  demand  into 
photons  with  retrieval  efficiencies  exceeding  40%  (80%)  for  single  (a  few)  quanta.  We  showed  that  the 
collective  conversion  process,  proceeding  via  superradiant  emission  into  a  moderate-finesse  optical 
resonator,  required  phase  matching.  The  observed  storage  time  of  3  s  in  the  cold-atom  sample,  as  well  as 
the  peak  retrieval  efficiency,  are  likely  limited  by  Doppler  decoherence  of  the  entangled  state. 

We  studied  resonator-induced  light  forces  arising  from  cooperative  atom-light  interaction.  For  such 
collective  processes,  the  force  on  the  sample  can  be  orders  of  magnitude  larger  than  the  sum  of 
conventional  light  forces  on  individual  atoms.  Since  resonator-induced  light  forces  can  be  dissipative  even 
when  the  incident  light  is  far  detuned  from  atomic  transitions,  they  may  be  applicable  to  target  particles 
with  a  complex  level  structure. 
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0-5  msec  Bloch  oscillations  (0.2  msec  spacing  between  shots). 


10-15  msec  Bloch  oscillations  (0.2  msec  spacing  between  shots) 

Growth  in  width  of  the  central  peak  is  due  to  quantum  phase  diffusion  of  a  coherent  state  in  the  mean  field.  This  effect, 
established  theoretically  in  1997  for  BEC  sources,  has  not  been  observed  for  large  ensembles  of  atoms  prior  to  this  work, 
and  sets  a  fundamental  limit  on  coherence  time  for  BEC  interferometry. 

Bose-Einstein  condensation  has  recently  been  achieved  in  a  novel  microchip  topology.  The 
experimental  method  to  obtain  BEC  is  robust  and  simple;  it  uses  only  a  single  vacuum  chamber  and  a 
magnetic  microtrap  which  is  directly  loaded  from  a  standard  magneto-optical  trap.  The  short  evaporation 
time  of  3  s  is  limited  only  by  the  axial  trap  vibration  frequency,  and  it  is  estimatee  that  the  evaporation  time 
can  be  shortened  to  Is  at  a  MOT  loading  time  of  500ms.  The  condensates  containing  a  few  thousand 
rubidium  atoms  are  produced  at  a  distance  of  60  m  from  the  silicon  substrate,  and  are  stable  to  distances 
down  to  15  m.  An  atom  number  shot  noise-limited  imaging  system  for  the  condensate  has  been  set-up  to 
study  the  condensate.  In  the  near  future,  we  will  try  to  demonstrate  sub-shot  noise  fluctuations 
(“squeezing”)  in  the  relative  atom  number  contained  in  different  spatial  regions  of  the  condensate.  This  is 
equivalent  to  a  determination  of  the  average  condensate  position  with  sub-shot  noise  accuracy,  and  may  be 
of  use  in  simple  interferometric  schemes  with  condensates. 

Squeezing  and  quantum  state  control  in  optical  lattices  (Kasevich;  Stanford): 

We  showed  how  mean  field  interactions  can  be  exploited  to  balance  variations  in  an  external  potential 
which  might  otherwise  impair  sensor  performance.  The  basic  idea  is  that  the  mean  field  enforces  a 
balanced  chemical  potential,  thus  smoothes  any  inhomogeneity  in  the  external  confining  potentials.  We 
exploited  this  to  measure,  for  the  first  time,  quantum  limited  dephasing  of  a  macroscopically  populated 
state  (number  of  particles  ~  100),  and  to  demonstrate  the  dependence  of  this  dephasing  on  atom  number  and 
number  and  the  particle  statistics  of  the  initial  state  (see  Fig.).  This  work  shows  that  for  a  large  class  of 
initial  conditions,  coherence  time  in  BEC  sensor  is  limited  to  about  10  msec.  In  the  process  of  this  work, 
we  discovered  a  sharp,  thermally  driven  phase  transition  associated  with  the  long  range  coherence 
properties  of  the  system.  Further  investigation  of  this  transition  has  indicated  that  this  is  likely  a  Kosterlitz- 
Thouless  type  transition. 

We  demonstrated  and  characterized  a  novel  miniaturized  trap  for  evaporative  cooling  of  Li.  Using  this 

system,  we  achieved  phase  space  densities  above  the 
BEC  threshold  for  the  difficult  to  cool  Li  isotope.  The 
demonstrated  trap  dissipates  on  7W  of  electrical  power 
while  tightly  confining  atoms  at  high  density.  The  trap 
involves  integration  of  a  direct-bond  copper  chip 
(which  is  capable  of  very  high  current  densities)  with  a 
3  dimensional  magnetic  trapping  structure. 


Theory  (Meystre,  Glauber,  Wright; 
T  uscon/Harvard) : 

The  theory  collaboration  has  significantly  advanced 
the  state-of-knowledge  for  the  quantum  field  theory  of 
degenerate  bosonic  and  fermionic  systems,  with 
particular  emphasis  to  sensors  applications.  Most 
identify  mitigation  strategies  to  overcome  some  of  the 
technology  hurdles  identified  in  the  study  of  guided  atom  systems. 


Schematic  illustration  of  the  demonstrated  mini¬ 
trap. 


recently,  the  focus  on  fermionic  systems  may 
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For  example,  it  is  only  recently  that  it  has  been  convincingly  argued  that  atomic  four-wave  mixing  is 
possible  with  fermions.  Flowever,  the  theory  so  as  been  limited  to  an  incident  beam  consisting  of  a  single 
test  particle.  It  also  neglected  the  dynamics  of  the  density  grating.  These  limitations  have  now  been 
removed  by  taking  into  account  both  a  multi-particle  beam  and  the  back-action  of  the  incident  beam  on  the 
fermionic  density  grating.  Using  this  formalism,  it  has  been  shown  that  when  the  number  of  atoms  in  the 
incident  beam  becomes  a  sizable  fraction  of  the  number  of  atoms  forming  the  density  grating,  it  no  longer 
decays  away  due  to  the  dephasing  resulting  from  the  slightly  different  energies  of  the  fermions  forming  the 
incident  beam.  Instead,  it  exhibits  large  nonlinear  amplitude  oscillations  that  are  coupled  to  the  Bragg 
oscillations  of  the  beam.  This  leads  to  the  efficient  generation  of  the  fourth  scattered  wave,  even  for  times 
much  longer  than  the  grating  dephasing  time.  It  is  well  known  that  four-wave  mixing  with  bosons  can  lead 
to  the  generation  of  squeezed  states.  Therefore  a  central  feature  of  future  work  will  examine  the  statistical 
properties  of  the  scattered  beam  generated  in  fermionic  four-wave  mixing  to  see  if  it  is  possible  to  generate 
novel  fermionic  states.  Phase  conjugation  should  also  be  possible  if  one  uses  a  superfluid  Fermi  gas  due  to 
the  presence  of  anomalous  moments  resulting  from  the  formation  of  Cooper  pairs. 

In  related  work,  the  phase  resolution  limit  of  a  Mach-Zehnder  atom  interferometer  whose  input  consists 
of  degenerate  quantum  gases  of  either  bosons  or  fermions  has  been  analyzed.  For  degenerate  gases,  the 
number  of  atoms  within  one  de  Broglie  wavelength  is  larger  than  unity,  so  that  atom-atom  interactions  and 
quantum  statistics  are  no  longer  negligible.  It  has  been  shown  that  for  equal  atom  numbers,  the  phase 
resolution  achievable  with  fermions  can  be  noticeably  better  than  for  interacting  bosons.  This  is  a  strong 
argument  for  a  further  extensive  study  of  fermionic  atom  optics. 

The  recent  experimental  success  in  creating  quantum-degenerate  atomic  Fermi  gases  is  opening  up 
fascinating  new  opportunities  to  explore  the  quantum  statistics  of  ultracold  atoms.  Fermionic  behavior  is 
strongly  constrained  by  the  Pauli  Exclusion  Principle.  This  limits  the  variety  of  possible  nonlinear  atom 
optics  effects,  but  also  offers  the  potential  for  novel  applications  without  analogs  in  optics.  These  include, 
for  example,  low-noise  inertial  and  rotation  sensors,  and  quantum  information  processing.  In  a  new 
development  of  the  theory  research  program,  the  new  situation  where  a  gas  of  bosons  serves  as  a  nonlinear 
medium  for  fermionic  atoms  has  been  explored.  In  particular,  interatomic  interaction  between  a  Bose- 
Einstein  condensate  and  a  fermionic  beam  can  be  employed  to  manipulate  the  quantum  state  of  the  beam. 
As  a  first  step,  and  drawing  on  an  analogy  to  nonlinear  optics,  the  interaction  can  be  described  in  terms  of 
an  effective  attractive  Kerr  nonlinearity,  and  show  that  a  two-fermion  bound  state  can  result  with  a  unique 
signature  in  a  nonlinear  atom  optical  experiment.  Future  study  of  this  coupled  Bose-Fermi  systems  may  be 
of  particular  relevance  for  the  manipulation  of  the  quantum  statistical  properties  of  fermionic  atomic 
beams,  e.g.  changes  from  antibunched  and  bunched  beams,  dynamic  Cooper  pairing,  and  the  formation  of 
quantum  solitons  in  ultracold  fermionic  atomic  beams. 

We  studied  the  possibility  of  inhibiting  three-body  recombination  in  atomic  Bose -Einstein  condensates 
via  the  application  of  resonant  2  pi  laser  pulses.  These  pulses  result  in  the  periodic  change  in  the  phase  of 
the  molecular  state  by  pi  ,  which  leads  to  destructive  interference  between  the  decay  amplitudes  following 
successive  pulses.  We  show  that  the  decay  rate  can  be  reduced  by  several  orders  of  magnitude  under 
realistic  conditions. 

We  studied  the  quantum  dynamics  of  a  two-mode  Bose-Einstein  condensate  in  a  time-dependent 
symmetric  double-well  potential  using  analytical  and  numerical  methods.  The  effects  of  internal  degrees  of 
freedom  on  the  visibility  of  interference  fringes  during  a  stage  of  ballistic  expansion  are  investigated 
varying  particle  number,  nonlinear  interaction  sign  and  strength,  as  well  as  tunneling  coupling.  Expressions 
for  the  phase  resolution  are  derived  and  the  possible  enhancement  due  to  squeezing  is  discussed.  In 
particular,  the  role  of  the  superfluid-Mott  insulator  crossover  and  its  analog  for  attractive  interactions  is 
recognized. 

We  described  a  matter-wave  amplifier  for  vibrational  ground-state  molecules  which  uses  a  Feshbach 
resonance  to  first  form  quasibound  molecules  starting  from  an  atomic  Bose-Einstein  condensate.  The 
quasibound  molecules  are  then  driven  into  their  stable  vibrational  ground  state  via  a  two-photon  Raman 
transition  inside  an  optical  cavity.  The  transition  from  the  quasibound  state  to  the  electronically  excited 
state  is  driven  by  a  classical  field.  Amplification  of  ground  state  molecules  is  then  achieved  by  using  a 
strongly  damped  cavity  mode  for  the  transition  from  the  electronically  excited  molecules  to  the  molecular 
ground  state. 

We  investigated  the  potential  of  the  so-called  cross-correlation  frequency-resolved  optical  gating 
(XFROG)  technique  originally  developed  for  ultrashort  laser  pulses  for  the  recovery  of  the  amplitude  and 
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phase  of  the  condensate  wave  function  of  a  Bose-Einstein  condensate.  Key  features  of  the  XFROG  method 
are  its  high  resolution,  versatility,  and  stability  against  noise  and  some  sources  of  systematic  errors.  After 
showing  how  an  analog  of  XFROG  can  be  realized  for  Bose-Einstein  condensates,  we  illustrate  its 
effectiveness  in  determining  the  amplitude  and  phase  of  the  wave  function  of  a  vortex  state.  The  impact  of 
a  reduction  of  the  number  of  measurements  and  of  typical  sources  of  noise  on  the  field  reconstruction  are 
also  analyzed. 

We  briefly  reviewed  some  recent  developments  in  nonlinear  atom  optics.  Basic  principles,  as  well  as 
some  of  the  early  effects  predicted  and  observed  in  the  nonlinear  optics  of  bosonic  atoms,  are  presented  in 
general  terms.  Recent  results  on  fermionic  four-wave  mixing  and  on  the  matter-wave  analogue  of  optical 
second-harmonic  generation  are  discussed  in  detail. 

We  propose  a  coherent  beam  splitter  for  polarized  heteronuclear  molecules  based  on  a  stimulated 
Raman  adiabatic  passage  scheme  that  uses  a  tripod  linkage  of  electrotranslational  molecular  states.  We 
show  that  for  strongly  polarized  molecules  the  rotational  dynamics  imposes  significantly  larger  Rabi 
frequencies  than  would  otherwise  be  expected,  but  within  this  limitation,  a  full  transfer  of  the  molecules  to 
two  counterpropagating  ground-state  wave  packets  is  possible. 

We  considered  the  photoassociation  of  a  low-density  gas  of  quantum-degenerate  trapped  fermionic 
atoms  into  bosonic  molecules  in  a  spherically  symmetric  harmonic  potential.  For  a  dilute  system  and  the 
photoassociation  coupling  energy  small  compared  to  the  level  separation  of  the  trap,  only  those  fermions  in 
the  single  shell  with  Fermi  energy  are  coupled  to  the  bosonic  molecular  field.  Introducing  a  collective 
pseudospin  operator  formalism  we  show  that  this  system  can  then  be  mapped  onto  the  Tavis-Cummings 
Flamiltonian  of  quantum  optics,  with  an  additional  pairing  interaction.  By  exact  diagonalization  of  the 
Flamiltonian,  we  examine  the  ground  state  and  low  excitations  of  the  Bose-Fermi  system,  and  study  the 
dynamics  of  the  coherent  coupling  between  atoms  and  molecules.  In  a  semiclassical  description  of  the 
system,  the  pairing  interaction  between  fermions  is  shown  to  result  in  a  self-trapping  transition  in  the 
photoassociation,  with  a  sudden  suppression  of  the  coherent  oscillations  between  atoms  and  molecules.  We 
also  show  that  the  frill  quantum  dynamics  of  the  system  is  dominated  by  quantum  fluctuations  in  the 
vicinity  of  the  self-trapping  solution. 

We  studied  the  dynamics  of  Bose-Einstein  condensates  in  symmetric  double-well  potentials  following  a 
sudden  change  of  the  potential  from  the  Mott-insulator  to  the  superfluid  regime.  We  introduce  a  continuum 
approximation  that  maps  that  problem  onto  the  wave-packet  dynamics  of  a  particle  in  an  anharmonic 
effective  potential.  For  repulsive  two-body  interactions  the  visibility  of  interference  fringes  that  result  from 
the  superposition  of  the  two  condensates  following  a  stage  of  ballistic  expansion  exhibits  a  collapse  of 
coherent  oscillations  onto  a  background  value  whose  magnitude  depends  on  the  amount  of  squeezing  of  the 
initial  state.  Strong  attractive  interactions  are  found  to  stabilize  the  relative  number  dynamics.  We  visualize 
the  dynamics  of  the  system  in  phase  space  using  a  quasiprobability  distribution  that  allows  for  an  intuitive 
inteipretation  of  the  various  types  of  dynamics. 
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